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DYHAMIC RESPONSE AT ALTITUEIE OF A TURBOJET ENGINE 
WITH VARIABLE AREA EXHAUST NOZZLE 
By Gene J. Dello and Solomon Rosenzweig 


SUMMARY 

The dynamic characteristics of a turhojet engine -with varlahle 
exhaust nozzle area were Investigated over a range of altitudes and 
flight Mach numbers. These characterlstlcp generalized to standard 
static sea- level conditions thereby permitting the prediction of engine 
dynamic behavior at all altitudes and flight Mach numbers. 

Data result ing from, approximate step disturbances In either Inde- 
pendent variable suggested transfer functions derivable from basic 
functional relationships. The minimum data required to define the 
transfer functions were: experimentally determined dynamic char- 

acteristics (engine time constant and Initial rise ratio) obtained 
from Indicial responses; static characteristics determined from steady- 
state performance curves for each of the Independent variables. The 
engine -tiime constant and initial rise ratios could be obtained from a 
step change In either of the Ind^endent variables. 

The constants of the transfer functions, which describe engine 
dynamic behavior, varied throu^out the engine- speed range and for 
different exhaust nozzle areas. These constants, generalized to stand- 
ard static sea-level conditions, are plotted as functions of generalized 
speed. These constants are also tabulated for five particular combina- 
tions of engine speed and exhaust nozzle area. 


INTRODUCTION 

Control system design for turbojet engines is critical because 
full realization of engine potentleilitles requires operation at or near 
the maximum temperature and rotational speed of the engine. It is also 
desirable to have a controller that (l) prevents power-plant damage; 

( 2 ) operates In a stable manner under varying conditions of altitude, 
flight Mach number, and thrust setting; (3) requires no attention from 
the operator except for thrust setting; and (4) has good response time 
at all operating conditions. These requirements can be met only by 
closed loop control systems, which permit much greater accuracy than Is 
possible with open loop systems. 
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In a closed loop control system for a turbojet engine, the power 
plant is one element of the control system, and any variation in the 
engine dynamic behavior Is reflected throu^out the system. Previous 
theoretical and experimental analyses (references 1 to 3) have indi- 
cated that engine dynamics vary with altitude, fll^t Mach number, and 
operating point. Therefore, a taaowledge of these variations in engine 
behavior must be incoiporated into the controller to insure satisfactory 
operation of the control system over the conplete operating range. It 
has been shown (reference -4) that the steady-state characteristics of 
a tiorbojet engine generalize for varying altitude and flight Mach num- 
ber conditions. Because engine : dynamics also vary, a generalization 
similar to steady- state generalization worlLd be desirable. 

The objects of this investigation, carried out at the NACA Lewis 
laboratory, are: (l) to present the dynamic characteristics of the 

engine dependent veirlables with^ respect to the independent variables 
(engine fuel flow and exhaust nozzle area)j (2) to show the variation of 
engine dynamic characteristics with altitude, fll^t Mach number, and 
engine ^eed; (3) to demonstrate a means of generalization of the 
dynamic characteristics to sea- level conditions; and (4) to determine 
the minimum amount of experimental data necesseury to completely 
describe turbojet engine dynamic characteristics. 

A txirbojet engine was operated over a range of altitudes varying 
from 15,000 to 40,000 feet at flight ifeich numbers ranging from 0.22 to 
0.88. The transient responses of the dependent engine variables (speed, 
compressor-discharge total pressure, turbine-discharge total pressure, 
turbine-discharge temperature, and Jet thrust) to approximate step dis- 
turbances of the Independent variables (fuel flow and exhaust nozzle 
area) were recorded. Steady- state calibration data were obtained over 
the range investigated. - . _ 

Data are presented in graphical form to indicate the trends of the 
variation in engine dynamic characteristics with altitude, fli^t Mach 
number, and engine ^eed. Generalization of the data to sea- level con- 
ditions is also shown. 


THEOBETICAL ANALYSIS 

f 

A knowledge of engine dynamic characteristics results from the 
study of engine responses to certain test inputs. In practice, the 
engine may be subjected to either a sinusoidal or a transient irput 
because of the ease with which these inputs are applied and the result- 
ing responses can be analyzed. 
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The value of determining the response to a transient Input has 
been pointed out (for exarple, reference 5). ^eciflcally^ any linear 
system is conpletely determined if its re^onse to some type of tran- 
sient input is ^ecifled. Reference 6 demonstrates that indiclal 
responses (step disturbances of the Independent variables) yield the 
basic dynamic characteristics of a turbojet engine with minimum engine 
and equipment operating time. Data resulting from step function inputs 
Indicate that engine dynamic behavior can be described by elementary 
transfer function forms, and the nature of the indiclal re^onses hint 
that certain functional relationships exist. With the use of only the 
basic assumption of linearity, functi onal, relationships can be used to 
derive the forms of the ergine transfer functions. These transfer 
functions fit eacperlmental data whlcjh are limited in accuracy by various 
Instrumentation lags and supply sotirce regulation. In addition, the 
gas turbine engine is primarily a single capacity system. Therefore, 
the method of transient analysis produces results that can be inter- 
preted siTtply. 


Engine Speed Ee^onse 

Oypical re^onses to a step change in fuel flow, exhaust nozzle 
area being held constant, axe shown in figure 1. The speed rei^onse 
is exponential in nature, and the transfer function for this particiilar 
form is (reference S) 


K0(.) . 


xs 


( 1 ) 


(ah symbols are defined in appendix A. ) The gain term Isa 

measxire of engine sensitivity, or the speed change due to a change in 
dN 

fuel flow, The engine time constant x is a measure of the accel- 

eration time of the engine and is the time for the engine speed to 
Increase or decrease by an amount ^1 - of the final change AW. 

Figure 2(a) Illustrates an indiclal speed response to fuel flow. 

From the basic assunptions and the mathematical development shown 
in reference 6, the transfer function relating speed to changes in both 
the fuel flow and exhaust nozzle area is 


^^nw 


Atf(s) = 


1 + xs 


AA(s) 


( 2 ) 
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HJlie engine time constant is 


(2a) 

3?he gain terms and defined in appendix A, are a measure of 

speed sensitivity in equilibrium to changes in fuel flow and esdiaust 
nozzle area, respectively. 

In the design of gas turbine engine controls, other engine parame- 
ters are of importance. Con5)reBSor-diseharge total pressure may be 
used to limit fuel flow, thereby preventing aompressor stall or surge. 
Turbine -discharge temperature and pressure limits are needed to prevent 
overten 5 )erature engine damage. Jet thrust is a measure of the 
power output of the engine. Therefore, the dynamic responses of these 
variables should also be known.; 



CoiDpressor-Discharge Total Pressure 

The response of coniJressor-dlscharge total pressure to an approxi- 
mate step disturbance in fuel flow is illustrated in figure 1. A 
transfer function describing this type of response is (reference 5) 


The gain term sensitivity of pressure response to changes 

of fuel flow. Figure 2(b) illustrates an Indiclal pressure response to 
fuel flow. As developed in reference. 6, 

d = 



In figure 2(b), the initial pressure rise is due to the fuel increase 
only and it is at constant speed. The additional pressure rise is due 
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to the ^eed change only and it is at constant fuel flow. The initial 
rise ratio d is the ratio of the pressure rise at constant speed to 
the entire pressure rise. When the pressure rise at constant speed is 
less than the entire pressure rise, the initial rise ratio d is less 
than unity. 

From the basic assumptions and the mathematical development shown 
in reference 6, the transfer function relating compressor-discharge 
total pressure to changes in both the fuel flow and eadmust nozzle area 
is 


Again, the gain terms amount of pressure 

changes resulting from a change in fuel flow and exhaust nozzle area, 
respectively. The values for the initial rise ratio are 


e = 


The initial rise ratio d is the ratio of the Initial change to 
the total change in preBS^are at constant exhaust nozzle area, and it is 
the immediate effect noted from a change in fuel flow at constant speed. 
Similarly, the initial rise ratio e is the ratio of the initial 
change to the total change in pressure at constant fuel flow, and it is 
the immediate effect noted from a change in area at constant fuel flow. 



Turblne-Blscharge Total Temperature 
and Total Pressure 

The responses of turbine- discharge total temperature and total 
pressure to a step change in fuel flow at constant area are also shown 
in figure 1. The pressure- re^onse Indicates an initial rise ratio 
less than onej that is, the pressure increase due to fuel flow only is 
less than the pressure Increase due to both fuel flow and speed. The 
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temperature response, however, indicates that the teiop^rature increase 
due to fuel flow only is greater than the temperattire increase due to 
both fuel flow and speedj that is, the initial rise ratio for the tem- 
peratTire re^onae is greater them one. Similar data at maxlimjjn speed 
shows that, for this particular engine, the reverse is true. The pres- 
sure overshoots its final value. whereas the temperatiire does not. It 
follows that at some speed less than maximum, both the ten 5 )eratvire and 
pressure responses have the same initial rise ratio. There is, there- 
fore, one operating point of the turbojet engine at which the turbine- 
discharge total pressure and total tenperature 3respond identically to 
fuel- flow changes. 

The form of the transfer fimctions for tenperature and pressTjre 
responses to fuel-flow changes (fig. l) is of the same form as the 
transfer function describing the conpressor-discharge total pressure 
response to fuel flow. From the basic assunptions and the mathematical 
development shown in reference 6, the transfer function relating 
turbine- discharge total piessiare to .changes in both the fuel flow and 
eachaust nozzle area is 

4 


^t(«) = Kp^w 


(l + fcs) 
1 + TS 


AW(s) 




(l + gcs) 
1 + TB 


AA(b) 


The initial rise ratios are 


( 6 ) 



The explanation of the gain terms and initial rise ratios follows that 
for the compressor- discharge total pressirre response. 

Similarly, the transfer function relating turbine-discharge tem- 
peratiore to changes in both fuel flow and exhaust nozzle area is ■ 


COKFIDEHTIAL 
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The Initial rise ratios are 


and 



(7a) 



(7b) 


Again, the explanation for the gain terms and initial rise ratios 
follows that for the compressor-discharge total pressure re^onses. 


Jet Thrust 

Conparlson of the jet thrust response with the turbine-discharge 
total pressure and total temperature responses indicates a similarity 
of form. Therefore, the same type of transfer function describes the 
jet thrust re^onse to fuel flow changes and, as developed in 
reference 6, is 


^ ( 8 ) 

where the constants of the equation are described in a manner similar 
to the preceding transfer functions. 

Minimum Data Necessary to Conpletely 
Describe Dynamic Behavior 

With the assumption of a constant inlet Mach number and constant 
altltiode, a turbojet engine with a variable area nozzle has two degrees 
of freedom. However, the recorded re^onse of a particular d^endent 
variable with respect to simultaneous changes of fuel flow and exhaust 
nozzle area is difficult to interpret. The use of linear analysis 
allows a sinplifl cation. As shown by the transfer fimctions describing 
engine behavior, the response to one input may be analyzed separately 
while the other input is held c distant. The response to two inputs 
then is the superposition of the two separate responses. Therefore, the 
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dynamic response of any dependent engine variable may be obtained by 
varying the fuel flow and area separately and superimposing the results 
of both re ponses. 

All engine gains are static characteristics and may be determined 
by measuring the slope of the steady- state relationships. The engine 
time constant x is a dynamic characteristic and must be determined 
eaperlmentally. From its mathematlcsQ. definition, it is proportional 

to the negative reciprocal of at constant fuel flow and constant 

esdiaust nozzle area. Therefore, the determination of the engine time 
constant using either fuel flow or exhaust nozzle area as a forcing 
function should produce the same result. 

The initial rise ratios, using compressor-discharge pressure as an 
example, are also dynamic characteristics and can be expressed as 



The quantities d and 

ciilated from the other. 

This effect, common for 
is the effect of engine 
flow and area. 


e are not Ind^endent and one can be celL- 
the single Tuitenown quantity being I - 


Ww,a' 


transients caused by fuel flow or area changes, 
speed on the variable (P ) at constant fuel 
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As a result, the Tninimnni data needed to ccm^jletely describe the 
compressor-discharge total pressure response to phanges in both fuel 
flow and exiiaust nozzle area are; 

(1) Static characteristics determined from steady- state curves: 

^w^ ^a^ S^w^ and so forth 

( 2 ) Eacperlmentally determined dynamic characteristics 

(a) Engine time constant t 

(b) An initial rise ratio, or 


APPARATUS AND INSTRUMENTATION 
Engine Installation 

A turbojet engine was mounted on a wing section which spanned the 
test section of the NACA Lewis laboratory altitude wind tunnel. The 
altitude and flight Mach number were sinailated in the following manner. 
Air from a climatic control source was supplied to the engine throu^ a 
ram pipe. The engine exhausted into the altitude wind tunnel maintained 
at constant altitude. The wlnd-t\innel static pressure Pq and static 

temperature tQ determined the simulated altitude conditions. The 
ratio of engine- inlet total pressure P^_ to Pq, or the ram pressure 
ratio, was a measure of the engine simulated flight speed. 

Engine . - The turbojet engine used in this investigation consisted 
of an 11- stage axial- flow conrpressor, eight through-flow combustion 
chanibere, a single-stage gas turbine, and a variable area exhaust noz- 
zle. A sketch of this engine is shown in figure 3. 

Fuel system . - The fuel system was of standard design exc^t for 
the fuel metering valve. This valve was designed to maintain a fixed 
fuel flow rate for each fuel valve position Ind^endent of the punp- 
dls charge pressure or combustion- chamber pressiire. 

A voltage signal was an^jllfled and fed into a positional 
servomotor which was coupled to the fuel valve through a gear reducer. 
The DC level determined the engine operating point and a switching of 
the DC levels produced approximate step disturbances in the fuel flow. 
The lagging of the fuel flow behind fuel valve position was small com- 
pared with the dominant lag, engine speed. 


Ww,j 


for each variable 
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Exhaust nozzle . - The variable area exhaust nozzle was positioned 
in essentially the same manner as the fuel valve. A voltage signal 
was anipllfied and fed -lnto a positional servomotor which was coupled to 
the exhaust nozzle with a gear reducer and ball-bearing screw jack. The 
DC voltage level determined^ the position of the exhaust nozzle. 


Instrumentation 

The meas'urement and recording of engine transients required instru- 
mentation and recording facilities that possessed the following char- 
acterlsticsj (l) linear phase shift and flat frequency response, (2) 
sensing elements that had good dynamic characteristics, and (2) signal 
amplification about any operating point. The recording system was used 
to obtain the correct foim of the transient, and the absolute values of 
the recorded variables were obtained from steady- state instinmentatlon. 

The recording system used to obtain the correct wave shapes of the 
transients consisted basically Of a multichannel recorder with asso- 
ciated amplifiers, and a sensing element for each channel. A complete 
description of the design of the Instrumentation is given in refer- 
ence 7. The typical trace shown in figure 1 was obtained from this 
type of ineti’umentation. 

The instrumentation for steady- state values was used for the celi- 
bratlon of the recorded transient data. All pressures were measured by 
mercuiy manometers and photographically recorded. Temperatures were 
obtained from chromel-alumel and iron-constantan thermocouples and 
recorded on self-balancing potentiometers. Engine thrust was measvired 
by balance scales, engine speed by a chrOnometrlc tachometer, and fuel 
flow by rotameters. Exhaust nozzle area was indicated by a potenti- 
ometer voltage . 


PROCEDURE AKD METHODS 

\ 

Experimental Procedure 

The engine used in this investigation was operated over a range 
of engine ^eeds at the following simulated altitudes and flight Mach 
numbers : 


Altitude ! 

Flight Mach 

(ft) 

number 

15,000 

0.22, 0.63 

25,000 

.22, .85 

40,000 

.22, .63 
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G3ie dynamic cJiaracteristlcs of tlie engine were firsf evaluated for 
fuel- flow changes at a constant ejdiaust nozzle area. The power plant 
was subjected to a sudden change in fuel flow which resulted in a speed 
change of 400 rpm. The fuel- flow changes were initiated at speeds 
ranging from idling to Tna-ylTimm engine speed. The transient behavior of 
the fuel valve position (fuel flow)^ exhaust nozzle area^ engine speed, 
conpressor-discharge totsil pressure, turbine- discharge total terperatiire 
and pressure, and jet thrust were recorded. Steady-state calibration 
values of each recorded parameter were observed at the initial and final 
points of each run. 

The same experimental procedure was used to determine the dynamic 
response of the engine to changes in exhaust nozzle area at constant 
fuel flow. 


Procedure for Processing Data 


Determination of engine time constants and initial rise ratios . - 
A method of plotting the transient re^onse recorded data was devised 
to conpensate for the Irherent lag contained in the fuel flow. As 
developed in appendix B 


In 



t. 

T 


(B4) 


and 


In 



^c 


Zn (1 - d) - I 


(B7) 


Figure 4 is a plot of the preceding equations as applied to figure 1. 

In this manner the initial rise ratio of the increase of conpressor- 
discharge total pressure to fuel-flow changes, and the engine time con- 
stant can be determined. 


The deviation from a stral^t line at zero time is due to the fact 
that fuel flow was hot a true step function. The stral^t line "portion 
of the i^eed response was extended "to "the initial steady-state value, 
and this In-fcer section is the theoretical zero time that wo"uld have cor- 
responded to a true step Irput. This procedure was also followed in 
the evaluation of ttirblne-discharge total pressxire, turbine-discharge 
total temperature, and jet thrust responses "fco approximate s"fceps in 
fuel flow. 
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The various gain terms of the transfer functions were determined 
from the slope of the steady- state curves relating the various parame- 
ters about the desired operating point. 

Correction for changes of inlet total pressure . - The character- 
istics of the altlt^Ide-wind-t^innel control of inlet total pressure was 
such that during engine acceleration, the inlet total pressure varied 
in the same manner as speed (fig. l). This effect essentially changed 
the flight Mach number during engine acceleration. Therefore, cor- 
rection factors were applied to the data to determine the true values 
of the constants of the transfer functions for a constant flight Mach 
number. The development of these correction factors is given in 
appendix B. Corrections were applied to the responses of engine speed, 
compressor-discharge total pressure, and turbine-discharge total 
tenperature . 

The turbulence contained in the turbine-discharge pressure 
response masleed the speed effect (fig. l) . For this variable the 
initial pressure rise was noted directly from the data because the 
inlet toteil pressure had not yet changed. The toteil change of pressure 
was obtained from the slope of the steady- state curve at the desired 
operating point. The ratio of the two pressure rises thus determined 
the iioitial rise ratio. 

A similar procediore was followed for determining the initial rise 
ratio of the Jet thrust response. Here it was necessary because the 
engine vibration produced force changes of the order of the thrust 
Increase. Furthermore, the decrease in inlet total pressure produced 
an equivalent positive thrust which amplified the speed effect on the 
Jet thinist response. 


Generalization of Data 

It is shown in reference 4 that generalized parameters permit the 
results of specific tests with a specific engine to be used for esti- 
mating performance at other conditions. The results obtained from 
steady- state performance at altitude conditions generalize to standard 
sea-level conditions. Thus, the engine gains determined from the slope 
of the steady- state data would generalize because they are static 
characteristics . 

If the variation of viscosity, combustion efficiency, and com- 
pressibility is small for small deviations from engine equilibrium, it 
may be possible to generalize dynamic characteristics in the same man- 
ner that steady- state clmracteristics generalize. 
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The following correetlonB, listed In reference 4, have "been 
applied to all altitude data to generalize to standard sea- level 
w W F T P 0 

conditions; -g, g, where 

° ~ 2116 (Ib/sq ft; 

^1 

9 = — 

519° E 


EESULTS AND DISCUSSION 

The results of the application of the Indlclal response method 
(step function Input) for determining the transfer functions of a tur- 
hojet engine are presented In two parts. First, the results are shown 
for a step Input of fuel flow at constant exhaust nozzle area. Second, 
steady- state relationships at constant fuel flow are shown that aid In 
determining the gains associated with constant fuel-flow perfo 2 mance. 
Also, a comparison is made of the results of determining the engine 
time constant at either constant area or constant fuel flow. 


Transfer Functions at Constant Exhaust Nozzle Area 

Engine speed . - The engine- speed transfer function can he 
described by the engine time constant t and the speed gain 

The time constant Is shown as a function of engine speed In figure 5 
for the various altitudes and fll^t Mach numbers investigated. At 
altitudes of 15,000 and 40,000 feet there is approximately 25 percent 
decrease In time constant resulting from an increase in Mach number 
from 0.22 to 0.63. At 25,000 feet there Is approximately 35 percent 
decrease in the time constant resulting from an Increase In Mach number 
from 0.22 to 0.85. At a constant Mach number, there Is approximately 
87 percent increase In engine time constant fixm 15,000 to 40,000 feet. 

In reference 4 it Is stated that generalization factors could be 
used to correlate performance characteristics of the engine exc^t for 
the characteristics Involving fuel flow eacpUcitly. Generalized fuel 
flow is shown as a function of generalized speed in figure 6, for the 
altitudes and Mach numbers considered. The fuel flow ctiaracterl sties 
of this engine are such that combustion efficiency does not permit 
generalization. However, for the analysis of engine dynamics, the 
interest lies in the slope of the engine- ^eed - fuel- flow curves and 
not In the absolute values. The data, generalized to static standard 
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sea- level condltlcaaB, appear as. parallel curves thereby having identi- 
cal slopes. It is this feature, of the engine- i^eed - fuel- flow c\irves 
which allows generalization of the gain as shown in figure 7. 

The generalized time constant is also shown as a function of gen- 
eralized speed in figure 7. This generalization accovints for the effect 
of altitude sind flight Mach number on the engine time constant. The 
use of both generalized curves consequently, allows the prediction of 
the engine acceleration characteristics for any altitude or fll^t 
Mach number. 

Coggressor-discharge total pressure . - The cangressor-disctiarge 
total pressTure transfer function can be described by the engine time 
constant t, the pressinre gain: Kp and the initial rise ratio d. The 

time constant has already been discussed. 


The initial rise ratio d generalized to standard static sea- 
level conditions, appears to ve^ linearly with speed (fig. 8) above 
5500 77 pm. It approaches unity at maxlTnum ^eed, which indicates that 
the pressure Increase due to speed alone (constant fuel flow) approaches 
zero for the condition of mavi Tmmn speed. 


The pressure gain 




is also shown in figure 8 generalized to 


standard sea- level conditions. The gain diminishes with increasing 
engine speed and is maximum at the lowest speed. The variation in 
gain with speed is approximately 700 percent. 


Turbine-discharge total temperature . - The turbine -die charge total 
temperature transfer functipn can sQ-so be described by the engine time 
constant, tengerati^e gain, and Initial rise ratio. The generalized 
temperature gain (fig* 9) rises sharply with speed to 6500 rpm and 

remains essentially constant at a value 0.160 from 6500 rpm to TnavlTnnm 
speed. 

The initial rise ratio h . (fig. 9) drops rapidly with speed to 
6500 ipm and remains fairly constant at 1.2 to a speed of 7700 rpm- in 
this speed range the initial rise ratio is greater thanjunlty indicating 
that the temperature initially overshoots its final value. At maximum 
speed, however, the temperature does not over shop t its final value. 


Turbine-discharge total, pressure . - The generalized constants of 
the transfer function describing the response of turbine-discharge 
pressure to changes in fuel flow are plotted in figure 10. The pressure 
gain decreases with increasing speed and approaches a Tninimum 

at maximum speed. The initial jrlse . ratio f increases with increasing 
speed and it reaches unity at a generaiized speed of 8100 ipm. At this 
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operating point the turbine-discharge pressxare follows exactly the 
change in fuel flow. Above this ^eed, this turbine-discharge pressure 
overshoots its final value. 

Jet thrust . - The thrust response to changes in fuel flow can be 
described by a transfer function whose generalized constants are 
plotted in figure 11, and, including the generalized time constant of 
figure 7, the dynamic behavior of thrust at standard static sea-level 
conditions is can 5 )letely described. Generally, the thrust gain 
decreases with increasing ^eed, Trtiereas the initial rise ratio 
increases with increasing speed, but always remains below unity. 

Generalized transfer functions . - Figures 7 to 11 indicate that 
the dynamic characteristics of a turbojet engine generalize and these 
data can be used to predict engine dynamic behavior at any altitude and 
fll^t Mach number included in the range investigated. With the use of 
the correction factors listed in appendix B and the data in figures 7 
to 11, the various responses at an arbitrary fli^t Mach number and 
altitude become: 

Engine speed 


AIl(s) = 


(l) 


K, 


•nw 


1 + TS 

5 


AW(s) 


( 11 ) 


Conpressor-dlscharge total pressure 


1 — 


APoCs) - Kp „ 

'■ •' \ 1 + — TE 


AW(s) 


( 12 ) 


G?urbine-discharge total pressure 

T -F Ve - 


(13) 


Turbine-discharge total temperature 

1 + g TTS 


'AW(s) 


(14) 
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Jet thrust 


1 + k 




(15) 


Transfer Functions at Constant Fuel Flow 


In the section, Miniraum Data Necessary to Completely Describe 
Dynamic Behavior, It is Indicated that the dynamic characteristics 
resulting from changes in either fuel flow or nozzle area are not 
mutually Independent. The dynamic characteristics resulting from fuel- 
flow changes can be used to evaluate the dynamic characteristics resxilt- 
ing from area changes. The only additional data necessary are the 
static characteristics describing the steady- state performance. 


Engine time constant . - The generalized time constant obtained for 
step changes in exhaust nozzle area is shown in figure 12. It is com- 
pared with the engine time constant obtained from a step input in fuel 
flow. The agreement Indicates that the engine time constant may be 
obtained by either input. 

The curves presented in figure 13 were obtained by cross-plotting 
the data shoWn in figures 14(a), 14(b), and 14(c). These data were 
obtained by operating the engine at a constant speed and varyirg the 
exhaust nozzle area and fuel flow to maintain the specified speed. 

The gain terms for con^iressor-discharge total pressure, turbine- 
discharge total pressure, turbine-discharge total tengaerature, and Jet 
thrust can be similarly determined from figures 15 to 18. A constant 
corrected fuel-flow line of 5000 pounds per hour is shown in figures 14 
to 18, and the respective gains were obtained from the slope of the 
constant fuel-flow lines at the various speeds. 

Engine gains . - Figure 13 presents the steady- state performance of 
engine speed against exhaust nozzle area at constant corrected fuel 
flows of 5000 and 3600 poionds per hour. For a constant corrected fuel 
flow of 5000 pounds per hour the slopes are equal at any speed. Thus 
the gain term is independent of altitude conditions. Similarly, 

the engine gain generalizes at a corrected fuel flow of 3600 pounds 
per hour. 

Initial rise ratios . - The initial rise ratio for a particular 
dependent engine variable may be calctilated as outlined in the section. 
Theoretical Analysis. With the use of the response of conpressor- 
dlscharge total pressure as an exaiii)le, equation (9) gives 


P. 
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e = 1 + (d - l) 


^■w 


(16) 


Generalized transfer fugctlons . - The values presented in fig- 
ures 14 to 18 are generalized. With the use of these values, the 
responses at prescribed altitude a-nd fll^t Mach number can be deter- 
mined similarly to the responses for changes in fuel flow. The 
re^onse for changes in both eadiaust nozzle area and fuel flow then is 
the linear sum of each response. As an example, the response at pre- 
scribed altitude and fli^t Mach number of speed to simultaneously 
varying exhaust nozzle area and fuel flow is 


AC7 = 




1 +— T8 


AW(s) + 




•na 


(V?) 


^ A/e — 

1 + TS 

D 


AA(s) 


(17) 


Dynamic Characteristics at Sea-Level Rated Conditions 

With the use of the methods described in this paper and the values 
determined from the figures presented, the dynamic characteristics of 
the turbojet engine are summarized as follows: 


Rating: 

N = 7950 rpm 
T = 1600° R 
F = 5200 pounds 


Equivalent steady- state conditions: 
W = 5400 pounds per hour 
Pj, = 10,900 pounds per square foot 
= 3880 pounds per square foot 
A = 2.40 square feet 
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(Engine time constant = 1.8 sec] 



N 

T 

F 

Pc 

Pt 

^^xw 

0.38 

0.62 

0.66 

0.47 

0.59 

Wh,a 

— 

0.60 

0.31 

0.29 

0.57 

V^/K,A 

Kxw 


0.96 

0.47 

0.62 

0.97 

\^/W,A 


- 0 : 

0.97 

0.47 

* 0 

^xa 

0.75 

” 0 

-0.69 

0.34 

-0.40 

(^N,W 

— 

- 0 

-1.40 

0 

-0.37 

PI 

V^/N,W 

Kxa 

— 

— 

2.0 

0 

0.97 


The listed values axe ratios, percent per percent. As an example, the 
variation of turbine-discharge totel pressure with a simultaneous 
increase of 1 percent fuel flow and 1 percent exhaust area is as fol- 
lows. Inltisclly there woiold be 0.57 percent increase due to fuel-flow 
change and 0.37 percent decrease due to nozzle-area change. At the 
final value, there is 0.59 percent Increase due to fuel- flow change 
and 0.40 percent decrease due to nozzle-area change. The initial rise 
ratio for changes of either independent variable is the same, 0.97. 

For the conditions listed, the area has negligible effect on the 
turbine-discharge ten^jeratzzre T. Also, the nozzle arefa does not 
directly affect the congjressor-dlscharge total pressiire because the 
engine is in a chohed condition. There is, however, an indirect 
effect on compressor-discharge total, pressure by the exhaust nozzle 
area. This effect is the increase due to speed changes, 0.34 percent 
increase per percent Increase of area. The Initial rise ratio is zero, 
or there is no instantaneous change in congiressor-dlsclmirge total 
pressure. 

The values listed for Jet tiirust are measured thrust values. 
Although the data have been corrected for the effect of changing inlet 
total pressure on engine performance, another error exists. This 
error is due to the forces caused by the changing ram pressojre. 
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In soiae cases tills error amoimted to 50 percent of the measured tlmist 
increase. The values listed for turhlne-dlscharge total pressure, are 
more Indicative of actual thrust re^onse. 

The following table provides a measure of the variation of engine 
gain over a range of engine speed and exhaust nozzle area: 


Engine 

gain 

1 

Engine 

speed 

N 

(ipm) 

Exhaust 
nozzle area 
A 

(sq ft) 

Parameter x 

N 

P 

c 

^t 

T 

F 


6440 

3.0 

0.64 

1.16 

0.12 

0.33 

1.40 

K 

XV 

8350 

3.0 

.39 

.41 

.65 

.70 

.67 


6440 

2.2 

.53 

1.08 

.62 

.35 

1.46 


8350 

2.3 

.31 

.38 

.70 

.56 

.45 


6440 

3.0 

0.34 

0.52 

-0.14 

-0.17 

0.09 

Kxa 

8350 

3.0 

.25 

.13 

.13 

.14 

-.50 


6440 

2.2 

.80 

1.13 

-.21 

-.76 

.31 


8350 

2.3 

.70 

0 

-.39 

-.82 

-1.30 


The gains, percent per percent, range from, low i^eed small area to 
hi^ speed large area. As an example, at the constant large area 
(3.0 sq ft) the turbine-discharge total pressure ga±n increases from 
0.12 to 0.65 percent per percent change in fuel flow^ also, it varies 
trom a decrease of 0.14 percent to an increase of 0.13 percent per 
percent Increase In exhaust nozzle area. 


SUMMARY OF EESDLTS 

In this Investigation, the dynamic characteristics of a turbojet 
engine with variable area nozzle were Investigated and are presented. 
From this investigation the following resiilts were obtained: 

(1) Data resulting from approximate st^ disturbances in either 
independent variable suggested transfer functions whose forms can be 
derived from functional relationships. 

( 2 ) The minlTnum data necessary to conpletely describe dynamic 

behavior were: the dynamic characteristics (engine time constant and 

initial rise ratio) determined from changes of either Independent 
variable; and the steady- state characteristics determined for each of 
the ind^endent variables. 
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( 3 ) The engine time constants and Initial rise ratios were obtained 
from transients Initiated by either of the independent variables. 

( 4 ) The dynamic characteristics varied with altitude, flight Mach 
number, and engine speed. The constants of the transfer functions 
describing engine behavior genei*allzed to one cxirve at standard static 
sea-level conditions. This generalization permitted the prediction of 
engine dynamic behavior at any altitude and fli^t Mach number. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, October 26, 1951 
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APIENDIX A 
SYMBOIS 


A 


33ie following symbols are used. In "bhis report: 
exiiaust nozzle area^ sq. ft 


d.,e^f;,g 

e 

P 

G 


Initlsil rise ratios 

tase of natural logaritlmiB 
Jet thrust, Ih 
functional relationship 


Zg correction factors 

82 J *'^2 


J 

K 

K^a 

^^xw 

N 

^c 

Pt 

Q 

s 

T 

t 


rotor moment of Inertia, (ih) (ft) (sec^) 
engine gain 

engine gain, change In parameter x (N, Pj,, P^, F, or T) 
due to cliange In area 

engine gain, change in parameter x (N, P^., P^, F, or T) 
due to change in fuel flow- 

engine speed, rpm 

compressor-discharge -to-fcal pressure, Ib/sq ft 
turbine-discharge total pressure, Ib/sq ft 
engine torque, Ib-ft 
Laplacian opera-tor 

"tTurhine-dlscharge total temperature, ^ 
time, sec 


W 


engine fuel flow’, Ib/hr 
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6 

A 

e 

T 

Subscripts: 

0 

1 


ratio of total pressure at engine inlet to absolute pres- 
sure at standard sea-level conditions 

incremental change 

ratio of total temperature at engine inlet to absolute 
tenperature at standard sea-level conditions 

engine time constant, sec 
ambient 

compressor inlet 


Barred symbols indicate generalized to standard static sea- level 
conditions . 
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APEEHTDIX B 

EERIVATION OF EQUATIONS FOR ANALYSIS OF DATA 
MetRod of Plotting Data 

The engine ^eed re^onse to a st^ change in fuel flow at constant 
exhaust nozzle area is developed in reference 6. This dynamic charac- 
teristic is described in the con^ilex domain as, 

(f) (“■) 

Transforming to the real domain 

^(t) = AN(1 - e-'*^A ) (B2) 

For the initial conditions at zero 

speed change at time t 
total change in speed 
Therefore, 



Similarly, the congiressor-dlscharge total pressure response to a 
step change in fuel flow at constant eschaust nozzle area becomes, 

APc = [^1 - (l-d)e-'^/^J (B5) 

For the initial conditions at zero 

AP„ / 

^ = (l-a)e-*A (B6). 


where 

AN 

(AN)f 
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therefore 


Zn 


AP„ 


1 - 




- 

c* 


= Zn(l-d) - I 


and at t = 0 


(APc)f 


= d 


where 

APq pressure rise at time t 

(APq)^ final pressure rise 
d initial rise ratio 


(B7) 


It can he shown that turhlne-discharge total, pressure and ten^era- 
tiore, and Jet thrust have similar indlclal responses hecaiise the same 
fimctional relationship has heen assumed. 


Zn 


Zn 


Zn 


1 - 


AP4 


(APt)f 




1 - 




W]f 

AF 

WTf 


Zn(l-f) - 1 

(B8) 

Zn(l-h) - ^ 

(B9) 

Zn(l-li.) - ^ 

(BIO) 


Correction Factors for .Changes in Inlet Total Pressure 

The air supply to the engine was regulated with a valve in the ram 
pipe. During engine acceleration the valve was maintained fixed, thus 
the simulated flight Mach number varied. The pressure drop across the 
valve depended on mass air flcrw, \diich varied with engine speed. As a 
result, the poor regulation of the air supply source was reflected in 
the data (fig. l) . Correction .factors are necessary so that simulated 
inlet conditions can he assumed constant during transient operation. 

The effect of engine discharge on simulated altitude was insignificant. 
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The Inlet total pressure is assumed to vary linearly with 

speed for the magnitude of ^eed change considered. This variation can 
he considered another engine input. For constant ejthaust nozzle area 
operation the following analysis results. 

Q = Q(N,W,Pi) (Bll) 


Pc = Pc(N,W,Pi) 

AQ = JAN 

Easpanding equation (Bll) about an equilibrium point gives 
AQ = l^I AN + 1-^1 Aff + r^ 


- 


V^) 


(B12) 

(B13) 

(B14) 


When equations (B13) and (B14) are equated. 


AN(s) = - AW(s) + 


1 + TS 


1 + 'TS 


APi(s) 


(B15) 


yield 


Slmllar'ly, expanding equation (B12) and substituting equation (B15) 




Eqiiatlons (B15) and (B16) describe the speed and campressor- 
dlscharge total pressure responses, respectively, when both the fuel 
flow and inlet total pressure vary simultaneously. However, it is 
noted that the acttial recorded data for the engine speed and conpressor- 
dis charge total pressure re^onses are of the form (fig. l) • 


AN(s) 


Gl 

1 + TgS 


AW(s) 


where Tg is the time constant determined from the data, and 


(B17) 


APc(s) 


G2 


(1 + g2T2s) 

1 + TgS 


AW(s) 


(B18) 
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where and actual gains determined from, the initial 

and final equllihrium points. The initial rise ratio g 2 and engine 
time constant Tg are also determined from the actual data. 

The data show a static correspondence between inlet total pressure 
and engine speed (fig. l). 


= -kN (B19) 

where k is a proportionality factor. The substitution of equa- 
tion (B19) into equations (BlS) and (B16), and comparison with equa- 
tions (B17) and (B18) result in the following correction factors: 


^w 

Gl 


'^2 


(B20) 


and 


d = 



S2 


(B21) 


The gains Kj^.^ and Kp ^ are evaluated from steady- state data and 

correspond to theoretical gains resulting from a constant Inlet total 
pressure. The gains ^2 determined from the actual data 

(initial and final eqTiillbrl-um points) and Include the variation of 
total inlet pressure with engine speed. 


The initial rise ratio gg; and engine time constant Tg, measured 

from actual data, also include the variation of total inlet pressure 
with speed. The values of these dynamic characteristics for constant 
inlet total pressure can be determined from the relationships, equa- 
tions (B20) and (B21). 


Generalization of Transient Data 

According to reference 4, the steady- state relationships obtained 
at various altitudes and fll^t Mach numbers should generalize to one 
relationship at standard sea- level conditions. The variation of Hey- 
nolds number is negligible. Those performance parameters that Involve 
fuel flow, however, do not generalize because combustion efficiency 
varies with operating conditions. The resulting curves, althou^ not 
coincident, may have Identical slopes. 
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Corrected parameters appearing in reference 4 are used to gener- 
alize the transfer functions developed in this ^pendix. 


Generalized engine speed 


Generalized fuel flow 

s =s W 

bfje 

Generalized thrust 

I-- 

Generalized tenperature 


Generalized pressure 


In order to generalize the data obtained at various altitudes^ flight 
Mach numbers^ and engine speeds^ to standard sea- level conditions, the 
following relationships are used: 


?i 


“ 2116 Ib/sq ft 


• " 519° R 

The measured dynamic characteristics are generalized as follows i 

^c'w ^c^ 

^t^ "" i ^t® 



I 
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Ktw = ^ Ktw 
^ta 

= Ve 

Kf a = -| %a 


T = 



The initial rise ratios, "being dimensionless, require no altitude 
correction. 
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Engine speed, K, rpm 


Figure 5. - Effect of altitude and flight Mach number on engine time oonstant. 
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Altttnfla 

(ft) 

15,000 

15.000 

35.000 

35.000 

40.000 

40,000 


Mach 


WBMSBS^mBUr 






Correeted angina speed, f, rpm 


ngune 5. - S«ect of ® genarali«tl«i of fnal Xlov to atatio 

8©a-leT8l. Condi^fclrmft . 
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rtguro 7. - GenerallEation of djnamlo oharaoteristloB of origins aoooloratlon for flight Maoh 

numher and altitude. 
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Tigure 8. - Gonoralliatlon of djnamlc charaotarlstloa of oamroaBor-dlaehargB 
■fco'bal preesuxa for fXigtit Mach number and alt-itude. 
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Figure 9. - Generalization of djnamlo oliaraoterlfltloB of turljlns-diBCliarge total tojnperature for 

flight Maoh number and altitude. 
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Tlgure 10. - Osnerallzatlon. of d;^iiamlos choraoteristtoB of turblne-dlBoharge total pressure 

in fll^t Maoh number and altitude. 



OenoraUzod gala, Ktv> IWll^/hr Initial rise ratio. 
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Tigure 11. - GonBrallta'tlcaa, of dToamlo obaretO'boarlB'tloa of Jat 'ttama't for flight M&oh rmnftjor 

and altitude • 
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Generalized engine fuel flow, Vf, It/hr 
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(a) Generalized fuel flew against e;j^ust nozzle. area; altitude, 15,000 feet; 

ram pressure ratio, 1.03. 


Figure 14. - Determination of generalized gain, speed to exhaust nozzle area, with changes 

In ram pressure ratio and altitude. 
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(b) Generalized fuel flov against exhaust nozzle area; altitude, 2S,000 feet; 

ram pressure ratio, 1;14. 


Figure 14. - CJontinned. Determination of generalized gain, speed to exhaust nozzle area, 
with charges in ram pressure ratio and altitude. 


Generalized engine fuel flow, W, Ib/hr 
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(o) Generalized fuel flew agalnat exhaust nozzle area} altitude, 45,000 feet; 

ram pressure ratio, 1.03. 


Figure 14. - Concluded. Determination of generalized gain, speed to exhaust nozzle area, 
with changes In ram pressure ratio and altitude. 
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Ganerallzod ocB^reaear-dlBoliarge total presaure, Ib/sq, ft Ganerallzed ocn®ressar-diaoharg« 

toftal presauro, It/aq, ft 
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nozzle area; altitude, 25,000 feotj ram presauro ratio, 1,40. 



(o) Oenerallzed oos^reasor-dlsoharge total pressure against exhuast nozzle 
area; altitude, 45,000 feet; ram pressure ratio, l.OS. 


ro 

W 


-o 

u> 


Figure 15. - Concluded. Dotonnlnatlon of generalized gain, oanproosor-dlsoliarge total presaure 
to exhaust noZzle area, vlth changes In ram. pressure rat;lo and altitude. 




Oen9rallz8d turbine-dlschargo total praaeure, Ib/aq, ft 
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(a) Generalized turtlno-dlecliarge total pressure against exhaust nozzle 
area; altitude, 15,000 feet; ram. pressure ratio, 1.03. 


Figure 16. - Beteimlnatlon of generalized gain, turbine -die charge total pressure to exhaust 
nozzle area, with changes in ram pressure ratio and altitude. 










Generalized turljlne-dlscliarge total pressure, P^, It/sq, ft 
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(b) Generalized turblne-dlsoharge total pressure against exhaust nozzle 
area; altitude, 25,000 feet; ram pressure ratio, 1.40. 


Figure 16. - Continued. Determination of generalized gain, turbine-discharge total pressure 
to exhaust nozzle area, with changes In ram pressure ratio and altitude. 
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Gonarallzed turliliije-dlBchargo total proBBuro, Pt> ft 
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' 5200 


— — Constant corrected fuel flew of 
5000 Ib/hr 


Exhaust nozzle area, sq. ft 

(c) Generalized turhlne-dlscharge total pressure against exiiaust nozzle 
area; altitude, 45,000 feet; ram pressure ratio, 1.03, 

Figure 16. - Concluded. Detemilnatlon of generalized gain, turhlne-dlscharge total pressure 
to exhaust nozzle area, with changes In ram pressure ratio and altitude. 
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(a) Generallzoa turbino-dlsoharge tomparature against eaiaust nozzle 
area; altitude, 15,000 feet; ram praesuro ratio, 1.03. 

Figure 17. - Determination of generalized gain, traTblno-dleoharga toaqooraturo to exliaust 
nozzle area, vltli dhangoe In ram, pressure ratio and altitude. 
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Oenomllzed turblne-dlsahargo ten^eraturs 
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(o) Generalized tui4>lne-dleo2iarge temperature against exhaust nozzle 
area; altitude, 45,000 feet; reus pressure ratio, 1.03. 

Figure 17. - Conoluded. Detenlnatlon of generalized gain, tuxtine-disoharge temperature 
to exhaust nozzle area, vith ohangea in ram pressure ratio and altitude. 


2379 




NACA EM E51E19 


53 


cn 

cvi 



(a) Generalized Jet tlirust against ejdiaust nozzle area; 

I altitude^ 15,000 feet; razz pressure ratio, 1.03. 

Tlgure IS. Determination of generalized gain. Jet ttrust to e±hanat nozzle area, vlth 
changes In ram. pressure ratio and altitude. 
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(h) Generallied jet thrust against eihaust nozzle area; 
altitude, 25,000 feet; ram pressure ratio, 1.4. 

Figure 18. - Continued. Setaimlnatlon of generalized gain, jet thrust to exhaust nozzle 
area, with changes In ram pressure ratio and altitude. 
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(c) Oonerallsed Jet thrust sgalnat eodiaust nozzle area; 
altitude, 45,000 feet; ram. preBauia ratio, 1.05. 


Fl^ira 18. - Conolnded. Dotomlaatlim of generalized gain. Jot thruat to exhaust nozzle 
area. Kith, ohangea In zam presaore ratio and altitude. 
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